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ABSTRACT
Estuarine ecosystem balance typically relies on strong food web interconnectedness
dependent on a relatively low number of resident taxa, presenting a potential
ecological vulnerability to extreme ecosystem disturbances. Following the Deepwater
Horizon (DwH) oil spill disaster of the northern Gulf of Mexico (USA), numerous
ecotoxicological studies showed severe species-level impacts of oil exposure on
estuarine fish and invertebrates, yet post-spill surveys found little evidence for severe
impacts to coastal populations, communities, or food webs. The acknowledgement
that several confounding factors may have limited researchers’ abilities to detect
negative ecosystem-level impacts following the DwH spill drives the need for direct
testing of weathered oil exposure effects on estuarine residents with high trophic
connectivity. Here, we describe an experiment that examined the influence of
previous exposure to four weathered oil concentrations (control: 0.0 L oil m−2;
low: 0.1 L oil m−2; moderate: 0.5–1 L oil m−2; high: 3.0 L oil m−2) on foraging rates of
the ecologically important Gulf killifish (Fundulus grandis). Following exposure in
oiled saltmarsh mesocosms, killifish were allowed to forage on grass shrimp
(Palaeomonetes pugio) for up to 21 h. We found that previous exposure to the high
oil treatment reduced killifish foraging rate by ~37% on average, compared with
no oil control treatment. Previous exposure to the moderate oil treatment showed
highly variable foraging rate responses, while low exposure treatment was similar to
unexposed responses. Declining foraging rate responses to previous high weathered
oil exposure suggests potential oil spill influence on energy transfer between
saltmarsh and off-marsh systems. Additionally, foraging rate variability at the
moderate level highlights the large degree of intraspecific variability for this sublethal
response and indicates this concentration represents a potential threshold of oil
exposure influence on killifish foraging. We also found that consumption of gravid vs
non-gravid shrimp was not independent of prior oil exposure concentration, as high
oil exposure treatment killifish consumed ~3× more gravid shrimp than expected.
Our study findings highlight the sublethal effects of prior oil exposure on foraging
abilities of ecologically valuable Gulf killifish at realistic oil exposure levels, suggesting
that important trophic transfers of energy to off-marsh systems may have been
impacted, at least in the short-term, by shoreline oiling at highly localized scales. This
study provides support for further experimental testing of oil exposure effects on
sublethal behavioral impacts of ecologically important estuarine species, due to the
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likelihood that some ecological ramifications of DwH on saltmarshes likely went
undetected.

Subjects Animal Behavior, Ecology, Marine Biology, Zoology, Environmental Contamination and
Remediation
Keywords Fish behavior, Macondo, Nekton, Feeding effort, Mesocosm

INTRODUCTION
Trophic connectivity is of vital importance to the functionality and resilience of estuarine
ecosystems (Costanza, Kemp & Boynton, 1993; Tett et al., 2013). Greater trophic
connections optimize the transfer of primary production to upper trophic levels,
increasing food web resilience and maintaining a domain of attraction towards ecosystem
stability (MacArthur, 1955; Holling, 1973). Estuarine ecosystems have unique food webs
because of the physiological flexibility that is required for resident species to deal with
unpredictable abiotic extremes, combined with the limited geologic lifetimes of estuaries,
leading to taxonomic diversity limitations (Whitfield, 1994; Day et al., 1989). Therefore,
trophic interconnectedness between resident and transient species, and thus food web
resilience, of estuarine ecosystems can often rely on a relatively small number of
mid-trophic level nektonic estuarine residents (Subrahmanyam & Drake, 1975).

A supported paradigm of estuarine ecosystems is that they are comprised of relatively
resilient biota (Elliott & Whitfield, 2011), however severe environmental disturbances may
cause disruptions in trophic connectivity (Matich, Moore & Plumlee, 2020). This can
stem from negative impacts to “critically resilient” species, described as a taxon with
generally high perturbation resilience and an important role in the food web (McCann
et al., 2017). In northern Gulf of Mexico (nGoM) estuarine saltmarshes, Gulf killifish
(Fundulus grandis, Baird and Girard 1853) are a common, opportunistic saltmarsh
resident species (Able et al., 2015) with high site fidelity that makes them valuable sentinel
species and indicators of habitat disturbance (Nelson, Sutton & DeVries, 2014; Vastano
et al., 2017; Jensen et al., 2019). This Cyprinodontiform species is considered highly
important to marsh food webs, serving a key function in the “trophic relay” of marsh
production to off-marsh open waters via predator/prey interactions with larger transient
predators (Rozas & LaSalle, 1990; Kneib, 2000; McCann et al., 2017). The saltmarsh
habitats of Gulf killifish are characterized by highly dynamic, and often extreme,
environmental conditions (e.g., extreme temperatures, wide salinity ranges, tidal exchange,
hypoxia, etc. (Vernberg, 1993)), and are therefore naturally resilient to many interacting
stressors, marking Gulf killifish as a “critically resilient” saltmarsh species (Able et al.,
2015; Vastano et al., 2017; McCann et al., 2017).

The necessity of understanding how a large-scale disturbance event might disrupt a food
web at the critically resilient species level arose with the Deepwater Horizon (DwH) oil
spill, the largest industrial marine oil spill in American history that impacted nGoM
coastlines from Louisiana to Florida (BP Oil Spill Commission, 2011). In 2010, at least
2,113 km of shoreline were subjected to oiling after the explosion of an offshore oil drilling
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rig on April 20th led to the loss of 11 lives and the corresponding oil well blowout caused
the subsequent release of ~4.1 M barrels (~560,000 metric tons) of crude oil into
offshore waters (McNutt et al., 2012;Nixon et al., 2016). As the crude oil drifted into coastal
areas, where wetlands accounted for ~53% of oiled shoreline (Michel et al., 2013), exposure
to the weathered oil caused significant casualties of several critically sensitive species
(sensu McCann et al., 2017) at low and high trophic levels, such that terrestrial marsh
plants, gastropods, predatory birds, and dolphins experienced high levels of mortality.
Alternatively, many coastal fish populations and community structures have shown
resilience to, or rapid recovery from, the large-scale exposure to weathered oil (Moody,
Cebrian & Heck, 2013; Fodrie et al., 2014; Able et al., 2015; Schaefer, Frazier & Barr, 2016;
Martin et al., 2020a). A decade later, potential trophic implications from this marine
disaster are still unclear, despite extensive analyses of community-wide data, with
interpretation of oil spill effects on populations of estuarine and marine species further
complicated by possible trophic release (e.g., stark decline of mammal and bird predators),
engineered efforts to protect shorelines from oil intrusion (e.g., boom deployment and
increased freshwater discharge), and the extensive temporary closure of Gulf of Mexico
fisheries operations (Upton, 2011; Fodrie et al., 2014; McCann et al., 2017). Large gaps in
understanding possible trophic repercussions of a marsh community to oil spill effects are
therefore bolstered by experimental manipulations not constrained by the unethical
re-creation of oiled field conditions, but are instead replicated in a hyper-realistic,
controlled mesocosm environment.

Here, we describe the results of a foraging experiment carried out to test the hypothesis
that prior oil exposure negatively affects natural predatory feeding rates of Gulf killifish,
a dominant and ecologically important marsh resident (Able et al., 2015). Classic foraging
experiments examining saltmarsh predator-prey interactions have used killifish
(Fundulus sp.) and grass shrimp (Palaeomonetes pugio) as study species because of their
abundance and trophic importance in Atlantic and Gulf coastal marshes (Heck & Thoman,
1981; Kneib, 1987; Kneib, 1988), and because grass shrimp are a common prey item for
Gulf killifish of the size range used in this experiment (Harrington & Harrington, 1961).
We therefore examined foraging rates of Gulf killifish on unexposed grass shrimp prey,
following exposure to varying real-world DwH concentrations of weathered oil in large
marsh mesocosms, to assess previous oil exposure impacts explicitly due to exposure of
this important saltmarsh resident predator. We tested the hypothesis that foraging rate
would decline concomitantly with increased levels of exposure concentration. This
investigation was inspired by field reports of little evidence for Gulf killifish
population-level effect following nGoM saltmarsh oiling (Able et al., 2015), despite strong
negative individual-level physiological and developmental impacts from oil exposure
(Garcia et al., 2012;Whitehead et al., 2012; Dubansky et al., 2013; Crowe et al., 2014; Fodrie
et al., 2014). Ecotoxicological studies on fish have shown strong evidence that shifts in
feeding behavior by sublethal exposure to toxic contaminants may impact community
structure or trophic transfer caused in part by decreased motivation to feed, impaired
feeding abilities, and decreased prey detection (Atchison, Henry & Sandheinrich, 1987;
Little et al., 1990; Weis et al., 2001; Fleeger, 2020). Decreased Gulf killifish foraging rates
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related to any previous sublethal oil exposure would provide further evidence that this type
of environmental disturbance could influence nearshore food web connectivity.

MATERIALS AND METHODS
Oiled mesocosms and killifish exposure
During August/September 2019, an ongoing experimentally oiled marsh mesocosm
experiment was being conducted at Louisiana Universities Marine Consortium
(LUMCON) in Cocodrie, LA (29.254573�, −90.664031�). These oiled mesocosms were
used to expose Gulf killifish for 10-15 days, a duration based on previous studies of site
fidelity for F. grandis (Nelson, Sutton & DeVries, 2014; Jensen et al., 2019). Twelve
hydrologically-independent, outdoor mesocosms (3.05 m diameter, 1.83 m height) were
paired each with its own tidal surge tank that generates daily tidal cycles with range of
25 cm (flooding marsh ~10 cm at high tide) via a water control system of blowers and
airlifts (Alt, 2019). Intact Spartina alterniflora saltmarsh plugs (30 cm diameter � 50 cm
depth) at natural densities were collected from previously unoiled natural saltmarshes near
the LUMCON mesocosm facility, planted in the mesocosms, and allowed to establish
for approximately 18 months prior to oiling (Roberts et al., 2019; Roberts et al., 2020).
During flooded marsh conditions (~40% of the time), Gulf killifish had access to ~7.3 m2 of
marsh platform (~10 cm at high tide) to allow for natural foraging opportunities, and
adjacent deeper water (~40 cm at high tide) in the empty circular trough surrounding
the saltmarsh platform. At low tide, Gulf killifish were restricted to the ~1.4 m2 of area in
the trough perimeter, with minimum water depths of 15 cm at low tide. Additional details
on the saltmarsh mesocosm setup and design can be found in Fig. S1.

Oil used in mesocosm exposure periods was Light Louisiana Sweet (LLS) blended crude
oil at API Gravity 40.1, similar to the oil released by the DwH spill, acquired from Placid
Refining Company LLC in May 2018. The oil was then evaporatively weathered using a
nitrogen gas sparging system over 150 days to obtain a loss of 30% of volatile components,
as measured by gas chromatography, to attain chemical composition similar to that of
weathered oil that washed ashore following DwH (Passow & Overton, 2021). Four
exposure levels were randomly assigned to three replicate mesocosms in a randomized
block design for a total of 12 experimental mesocosm units. Weathered oil exposure levels
scaled roughly to Shoreline Cleanup and Assessment Team (SCAT) categories observed in
Louisiana marshes following the DwH disaster (Michel et al., 2013; Lin et al., 2016):
control/no oil at 0.0 L oil m−2, low at 0.1 L oil m−2, moderate at 0.5–1 L oil m−2, and high at
3.0 L oil m−2. For the oiled treatment mesocosms, a single application of weathered oil was
applied to the saturated sediment surface under high tide conditions at uniformly spaced
locations on July 8, 2019. After initial weathered oil application, oil was further naturally
weathered in the open air of mesocosms 45 to 60 days prior to experiment initiation.

During the killifish exposure period, following 45 to 60 additional days of open-air oil
weathering, the mean ± standard error surface soil (0-5 cm) total petroleum hydrocarbon
(TPH) concentrations in the high oil treatments (419 ± 24 mg/g soil) were ~10 and ~40
times higher than in the moderate (39 ± 5 mg/g soil) and low (10 ± 0.4 mg/g soil) oil
treatments (mean of 19 August and 9 September samplings; as previously described in
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Martin et al., 2020b, and collected by E. Overton and B. J. Roberts, 2020). These
concentrations are similar to those found in Louisiana saltmarsh field conditions following
the DwH oil spill (Lin et al., 2016). Gulf killifish were collected from the nearby
saltmarsh using baited minnow traps and held for 2–4 days in the same 450 liter, aerated
aquarium with a constant salinity of 7 psu (equivalent to mesocosms at the time of
collection) to minimize mortality due to handling. Then, 12 adult fish were added to each
saltmarsh mesocosm on 22 August 2019, with six more Gulf killifish added to each
mesocosm on 27 August to increase the number of fish available for the foraging behavior
experiment after some mortality was observed after 5 days of holding in mesocosms.
Total fish mortality during the exposure period resulted in no mortality in control
treatments, 38% in low exposure treatments, 56.6% in medium exposure treatments, and
81.5% in high exposure treatments, however the causes of mortality were not determined
and possibly arose from direct and indirect effects from oil exposure (see Martin et al.,
2020b for further detail on fish additions). All surviving fish used in the subsequent
foraging experiment (three to six fish per mesocosm) were within the size range of 57 to
105 mm (mean of lengths 79.4 + 1.8 mm standard error). Fish were exposed to oiled or
control treatments for 10 (27 August additions) to 15 (22 August additions) days prior to
behavioral experiments. Following the exposure period, fish were recaptured with
dipnets and kept separated according to mesocosm assignment then held without food for
24 h at ambient room temperature conditions in aerated 37.9 L aquaria containing
unoiled 7 psu filtered seawater prior to use in the foraging experiment performed at the
LUMCON facility.

Foraging experiment
Gulf killifish foraging behavior response to previous oil exposure was examined over a
one-day period. Foraging trials were conducted at the LUMCON facility in separate 19 L
white plastic buckets filled with 10 L of filtered water with a salinity of 7 psu. Twenty grass
shrimp (Palaemonetes pugio), captured by dipnet from the nearby bayou were added to
each bucket and allowed to acclimate for 2 h prior to the start of the experiment. Shrimp
densities were selected to represent natural field densities relative to the size of the
experimental unit (~67 shrimp per m2). As shrimp were added, we noted the number of
gravid shrimp in each bucket as a potential foraging covariate due to the possibility that
gravid shrimp may be more visually/olfactorily detectable or less capable of escape, making
them more easily predated by impaired killifish (Welsh, 1975). However, we did not
control for the same proportion of gravid to non-gravid across replicates. To better
simulate the lowmarsh habitat structure where killifish forage most effectively (Vince et al.,
1976), ten 18 cm length black needlerush (Juncus roemerianus) stems were added to each
bucket in a haphazard fashion.

To initiate the experiment, killifish were transferred from the 37.9 L holding aquaria to
19 L buckets containing the grass shrimp that had been randomly assigned a killifish oil
exposure or autogenic control treatment. Killifish from the same oiled mesocosm
treatment were randomly paired by drawing numbers without replacement, and the two
fish placed into one of nine replicates for control, low, or moderate treatment buckets but
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only five replicates for high treatment buckets, which precluded equivalent replication for
all treatments tested in the foraging experiment. No further criteria were used to select
killifish inclusion in the experiment. An additional four autogenic control buckets
contained only grass shrimp with no killifish addition for a total of 36 buckets arranged in
a 6 × 6 grid with rows spaced 1 m apart. Every 4 h during the experiment we monitored
factors that would affect foraging rates, specifically mortality of killifish and complete
predation of all shrimp provided to a replicate. To minimize investigator influence on
foraging, inspections consisted of identifying shrimp and killifish movement from a
distance of 0.5 m, and randomization of experimental treatments within the grid array
ensured that any observer influence was not grouped. Water temperatures ranged from
26.8–28.6 �C during trials (comparable to mesocosm conditions at time of collection) and
dissolved oxygen remained near 100% saturation, determined by measurements at
beginning and end of trial. At 21 h, all killifish were removed from the buckets and
remaining gravid and nongravid shrimp were counted and these values deducted from
gravid and nongravid shrimp counts taken at the beginning of the experiment. To calculate
shrimp consumption rate per fish per minute (shrimp consumed fish−1 min−1), the
number of shrimp consumed within each bucket was divided by the sum of foraging
minutes for both fish in that bucket. If fish mortality or complete predation was noticed
during routine checks, the reduced foraging time for that fish or bucket was noted and
values adjusted accordingly. Mortality was recorded during the foraging experiment, with
the following losses per oil exposure treatment: control-one, low-none, medium-four
(two from the same bucket), and high-one. These losses corresponded to ~6% mortality in
the control treatment, 0% mortality in low oil exposure treatment, ~22% mortality in
medium oil exposure treatment, and 10% mortality in high oil exposure treatment.
All experimental units were included in subsequent analyses.

STATISTICAL ANALYSES
Due to the unbalanced sample sizes (n = 9 for control, low, moderate prior oil exposure
and n = 5 for high prior oil exposure) and heteroscedasticity of experimental results, a
Welch’s ANOVAwas used to compare Gulf killifish foraging rates among weathered crude
oil exposure treatments and a Games-Howell test was used for post hoc contrasts (Moder,
2010). A linear regression with combined fish lengths per replicate and foraging rate
was used to determine whether killifish length should be included as a potential covariate
with oil exposure treatment. To test the hypothesis that gravid grass shrimp consumption
was independent of prior oil exposure concentrations, we constructed a chi square table
on expected and observed gravid shrimp consumption. For this analysis, we excluded any
buckets where the 20 shrimp provided for foraging during the experiment did not include
gravid individuals (excluded one control, three moderate, and one high oil exposure
treatment replicates). To estimate how many gravid shrimp we would expect to be eaten
with the assumption killifish had no preference, we multiplied the proportion of gravid
shrimp given to a treatment by the total number of shrimp eaten, noting that both values
excluded nongravid shrimp counts from buckets that did not receive gravid shrimp.
For example, if 10% of shrimp provided to a treatment were gravid and 50 shrimp were
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consumed by that treatment group, our expected value for that treatment would be five
gravid shrimp consumed. Analyses were performed in RStudio (Version 1.2.1335) and the
accepted a was set at 0.05 for the Welch’s ANOVA, Games-Howell contrasts, linear
regression, and chi square test.

Vertebrate study animal ethics statement
Gulf killifish were collected frommarsh sites adjacent to the LUMCON facility in Chauvin,
LA. All field collections were made under Louisiana Department of Wildlife and Fisheries
Scientific Collecting Permit #SCP 200. The use of vertebrate organisms was conducted
with IACUC approval and staff training from University of Florida under protocol
201710044. Fish were held in 3.05 m diameter simulated marsh mesocosms during the
weathered oil exposure period, where they were allowed to freely forage under simulated
natural bayou conditions. As the goal of the study was to measure sublethal effects of
oil on fish behavior, humane endpoints were not used and were not possible during the
10–15 day exposure, as fish were released into turbid mesocosms and unable to be
monitored. Moreover, analgesics and anesthetics were not used because of the alterations
to behavior that we sought to quantify. During the one-day experiment, fish were held in
19 L plastic buckets filled with 10 L of filtered water with salinity of 7 psu. At the end
of the experiment, surviving fish were euthanized humanely using the standard
methodology for finfish as outlined in IACUC protocol 201710044-namely, through cold
shock immersion in ice slurry followed by immersion in 500 mg/L MS-222 (buffered
tricaine methane sulfonate) for 10 min after opercular movement stops.

RESULTS
Shrimp consumption ranged from 18% of shrimp offered to high exposure killifish to 48%
of shrimp offered to unexposed control killifish, with low and moderate exposure killifish
exhibiting slightly lower overall consumption than control killifish (46% and 42%,
respectively). Foraging rates (shrimp consumed fish−1 min−1) varied across oil exposure
treatments (Fs3,12.9 = 8.2, p = 0.0026), such that rates for killifish from high oil exposure
treatments were lower than for killifish from the low and control treatments (Fig. 1 and
Table 1). Although average foraging rates of moderate oil exposure killifish were between
the averages for low and high exposure treatments, moderate treatment rates showed
substantial within-treatment variability (Table 1) that included the two highest foraging
rates of the experiment (0.01 and 0.007 shrimp consumed fish−1 min−1) as well as four
measurements of low rates (ranges between 0.001–0.002 shrimp consumed fish−1 min−1)
comparable only with high exposure treatment fish (all rates ranged from 0–0.002 shrimp
consumed fish−1 min−1). No relationship was found between combined fish length per
replicate and foraging rate (linear regression: Adj. r2 = 0.002, F1,30 = 1.07, p = 0.31),
therefore fish length was not considered as a potential covariate.

Previous exposure to the high oil concentration influenced preference for gravid over
non-gravid shrimp, such that high exposure fish consumed a substantially larger
proportion of gravid shrimp (0.5) than moderate, low, and control treatment killifish (0.24,
0.12, and 0.24, respectively). This observed proportion of gravid shrimp consumed in high
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oil treatment fish deviated from the expected high exposure consumption proportion of
0.19 (χ2 = 10.1, df = 3, p = 0.017; Fig. 2 and Table 2).

DISCUSSION
Our study provides evidence that prior exposure to real-world concentrations of weathered
oil (Lin et al., 2016) influences foraging of estuarine saltmarsh resident Gulf killifish.
Our results reveal a substantial reduction of killifish foraging rates at high oil exposure
concentration, a highly variable effect in the moderate concentration, and an absence of
effect in the low concentration exposure. Our finding that low and moderate concentration
exposures did not substantially influence foraging rate is counter to prior experimental

Figure 1 Gulf killifish foraging rates per replicate for each prior oil exposure treatment. Gulf killifish
foraging rates (number of shrimp consumed fish−1 min−1) per bucket replicate for each prior oil exposure
treatment. Solid lines in boxes represent treatment medians and dots are outliers. Different letters
indicate treatment differences based on results from Games-Howell post-hoc contrast.

Full-size DOI: 10.7717/peerj.12593/fig-1

Table 1 Basic statistics for Gulf killifish foraging rates at prior oil exposure treatment concentrations.

Oil addition treatment N Experiment mortality
(number of fish)

Mean foraging rate per bucket
(shrimp min−1)

Standard deviation Coefficient of variation

Control (0.0 L m−2) 9 1 0.003851 0.00121 31.4

Low (0.1 L m−2) 9 0 0.00363 0.00064 17.6

Medium (0.5–1.0 L m−2) 9 4 0.00359 0.00283 78.8

High (3.0 L m−2) 5 1 0.001434 0.00087 60.7
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evidence for killifish behavioral changes at even the lowest previous oil exposure
concentration (Martin et al., 2020b), and strongly suggest that a threshold of sublethal
effects on foraging, and possibly individual-level response plasticity (Saaristo et al., 2018),
is evident around the crude oil concentrations in the moderate exposure treatment.
Our experimental design to test the influence of prior oil exposure on foraging rates was
challenged by a reduction in sample sizes caused by mortality of subjects during the
exposure period, particularly in the high exposure treatment. However, the foraging
behavior responses of surviving killifish from high oil concentration mesocosms were
consistently affected by this exposure, providing strong evidence that these sublethal
effects are genuine. We also found evidence that fish from the high exposure treatment
consumed gravid grass shrimp in a higher proportion than expected, while fish from all
other treatments did not exhibit this selectivity, novel evidence of a contamination

Figure 2 Proportions of gravid shrimp consumption by Gulf killifish. Proportions of observed values
of gravid shrimp consumed (out of total shrimp consumed) by Gulf killifish for the entire experiment
(grey bar) and at different treatment levels of prior oil exposure, with the calculated expected proportion
values represented by dotted lines. Full-size DOI: 10.7717/peerj.12593/fig-2

Table 2 Values to calculate expected vs observed outcomes of gravid shrimp consumption for construction of chi square table.

Oil addition treatment Total shrimp consumed Proportion of gravid Expected gravid consumed Observed gravid consumed

Control (0.0 L m−2) 76 0.16 11.8 18

Low (0.1 L m−2) 82 0.18 14.8 10

Medium (0.5–1.0 L m−2) 29 0.16 4.7 7

High (3.0 L m−2) 8 0.19 1.5 4
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exposure-related shift in killifish predatory behavior with potential for ecological
repercussions (see Saaristo et al., 2018 Table S2 for compilation of studies on contaminant
effects on predator-prey interactions). These findings indicate prior oil exposure can
influence killifish foraging rates and may drive a behavioral shift in prey selection, at least
on the spatial and temporal scales used in this study. Despite little field-based evidence of
large-scale negative community impacts (Fodrie et al., 2014; Martin et al., 2020a), the
consistent evidence of negative physiological, genomic, and developmental effects on
nekton from oil exposure strongly suggests there are key gaps in our understanding of
coastal trophic processes that were likely disrupted in part by sublethal effects on nearshore
nekton behavior. Our study findings support this inference, as high oil exposure
substantially affected Gulf killifish foraging behavior, and moderate oil exposure
highlighted the high degree of intraspecific variability for sublethal responses to oil at the
thresholds tested.

High inter-individual variability in the moderate treatment foraging rates reveals the
potential presence of phenotypic plasticity within this subsample of a local killifish
population in response to moderate levels of contamination, a vital feature for enabling
species to cope with rapid environmental change (Chevin, Lande & Mace, 2010).
Yet despite the exceptionally high foraging rates of some individuals, the overall average
foraging rate for this treatment was still lower than control and low concentration
treatments, suggesting population-level effects on foraging rates at this concentration may
have occurred despite high individual-level plasticity. A potential behavioral shift influence
on intra-population dynamics relates to our findings that high oil concentration
exposure fish selected gravid shrimp at higher proportions than expected if shrimp
selection were independent of prior oil exposure. We speculate that this observation could
be related to an impairment in prey detection (Cave & Kajiura, 2018), as gravid grass
shrimp are more visually apparent than non-gravid grass shrimp. Secondly, gravid
selection may relate to killifish mobility impairment (Stieglitz et al., 2016), as killifish are
active predators and gravid grass shrimp may have reduced escape capabilities since
swimmerets are occupied with egg masses. However, evidence of the relationship between
prior high oil exposure and increased killifish selection of gravid grass shrimp presented
here is a preliminary finding due to the limited scale of our foraging experiment design, the
potential size difference between gravid and male shrimp (Alon & Stancyk, 1982), and the
fact that we only exposed the predatory killifish, and not the prey species, to weathered oil.

The reduced predation success of Gulf killifish previously exposed to high concentration
of weathered oil measured in this study reflects findings of reduced growth and predation
of an Atlantic congeneric, mummichog (Fundulus heteroclitus), inhabiting contaminated
estuaries (Weis et al., 2001). Killifish from contaminated estuaries were found to rely
primarily on low nutritional value detrital material for forage, as opposed to higher calorie
prey items that constitute a greater dietary proportion in fish from an uncontaminated site
(Weis & Khan, 1991). Previous foraging experiments suggested contaminated site fish
generally could not capture evasive grass shrimp prey, and maintained low activity levels
(Smith et al., 1995). Grass shrimp are highly abundant and productive estuarine saltmarsh
residents (Nixon & Oviatt, 1973) that effectively transfer detritus into higher saltmarsh

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 10/19

http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


trophic levels, particularly large killifish, through predator-prey interactions (Nixon &
Oviatt, 1973;Welsh, 1975). The sublethal effect of prior exposure to high concentrations of
oil on foraging rates may result in a similar influence on the killifish foraging guild as
found in contaminated estuaries (Weis et al., 2011). Namely, a depression of predatory
foraging wherein killifish diets become dominated by detritus rather than energetically
superior grass shrimp which drives a declining efficiency in the transfer of
saltmarsh-originated energy to off-marsh systems.

Although our study was not designed to investigate the physiological or genomic
impairments that may have caused changes in Gulf killifish foraging behavior due to short
term oil exposure, evidence from previous oil and fossil fuel toxicity-related studies on fish
suggest numerous physiological impairments that can impact foraging abilities (Gregg,
Fleeger & Carman, 1997; Stieglitz et al., 2016; Cave & Kajiura, 2018; Schlenker et al., 2019).
Field studies that examined adult Gulf killifish genome expression during the oil spill
aftermath (Whitehead et al., 2012; Dubansky et al., 2013) found evidence for damage of gill
tissues, an organ that is vital to many functions necessary for physiological resilience of an
estuary resident organism. The ecotoxicological effects from exposure to petroleum
hydrocarbons can also be compounded by natural abiotic stressors common to estuarine
environments, such that energy demands required for fish to compensate for natural
stressors are extra costly (Whitehead, 2013). Time spent in natural estuarine conditions
within various weathered oil exposures of the mesocosms likely impacted energetics
budgets of fish used in our experiment, possibly contributing to the pattern of mesocosm
mortality and foraging inhibitions during the experiment. Furthermore, evidence of oil
ingestion in Gulf killifish four to 5 months after the cessation of the oil spill (Dubansky
et al., 2017) is a potential pathway for the extended oil exposure influence on these fish
linked to their preference for benthic-associated forage (Rozas & LaSalle, 1990), as the
more viscous weathered oil settles into sediments and remains in the environment longer
due to anoxic conditions (Mendelssohn et al., 2012).

Despite the noted resilience of this species (Able et al., 2015), it is possible that any
sublethal impacts driving these behavioral shifts on trophic transfer or food web resilience
were highly localized and thus went undetected. Natural avoidance behaviors to oil have
been recorded in several fish species (Martin, 2017) that in the wild may have somewhat
alleviated the more extreme foraging inhibition we measured in high oil exposure
treatment fish. However, these avoidance behaviors have been found to degrade over
sediments contaminated with weathered oil, as opposed to fresh oil (Martin, 2017), and
upon the fish having prior exposure to weathered oil at even low levels (0.1 L oil m−2),
with some evidence of preference for oiled sediments following exposure to high levels
(3.0 L oil m−2) (Martin et al., 2020b). The various levels of oiling were patchily distributed
across nGoM shorelines such that surveys found ~20% of oiled shorelines were heavily
oiled, ~13% were moderately oiled, and ~36% were lightly oiled (Michel et al., 2013). These
surveys further determined ~53% of total oiled shoreline was marsh habitat, and of that,
~96% of oiled marsh habitat was in Louisiana estuarine environments (Nixon et al., 2016).
The patchy distribution of oil on diverse saltmarsh subhabitats characterized by spatially
heterogenous estuarine saltmarsh nekton communities (Peterson & Turner, 1994; Able et al.,
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2015) that tend to exhibit high site fidelity (Nelson, Sutton & DeVries, 2014; Jensen et al.,
2019) suggests that if oil exposure negatively impacted Gulf killifish foraging to the degree
that it impacted trophic connectivity, this impact would have been highly spatially variable.
High intraspecific redundancy of Gulf killifish combined with high individual-level
variability in foraging response to oil exposure, such as that measured in our moderate oil
treatment, may have worked to lessen oil exposure impacts on this estuarine nekton species’
contributions to saltmarsh food web connectivity.

Our study highlights the need for more experimental and mesocosm-based work to aid
with further determinations of what additional sublethal impacts likely occurred in the
aftermath of the DwH oil spill, and to help predict how toxic stressors may influence
trophic processes in these critical coastal habitats. The extreme variability in killifish
foraging responses to moderate oiling suggests that thresholds to negative sublethal effects
from oil exposure are highly individualized, but perhaps lower thresholds are within this
concentration range, at least at the timeframe of exposure of this experiment. This is
potentially the result of intraspecific variability in tolerance to the general “narcosis”
effect of unspecific baseline toxicity to organic narcotic compounds (Hsieh, Tsai & Chen,
2006), generally considered a reversable process that causes a variety of responses
dependent on the exposure timeframe and affecting compound (Heintz, Short & Rice,
1999; Vines et al., 2000). Additional experimentation at this moderate exposure
concentration may provide more insight into whether foraging declines in this treatment
were, in fact, a reversible response to the narcosis effect or if high foraging rates may reflect
individuals with higher tolerance to this effect. While large-scale resilience of nGoM
estuarine saltmarshes to oiling is apparent, continued release of buried oil through marsh
erosion and re-oiling of marshes following large storm events may redistribute oil or oil
residues for decades (Turner et al., 2019). Thus, sublethal nekton responses to oil
exposure may continue to influence trophic connectivity and food web resilience at highly
localized scales- making the detection of eroding food web resilience extremely difficult.
However, the hearty resilience of a common and dominant nGoM estuarine saltmarsh
resident with high intraspecific variability up to the moderate levels of oiling tested here
suggests that this near-shore ecosystem has some resilience built into the food web,
providing some stability despite a major ecotoxicological perturbation.

CONCLUSIONS
To supplement numerous field sampling studies examining oil spill impacts on GoM
shoreline habitats, we tested the hypothesis that prior oil exposure influences foraging
behavior of Gulf killifish by conducting feeding trials following exposure to varying levels
of oil within an ongoing mesocosm experiment. Our experimental results indicate that
previous exposure to weathered oil at moderate to high levels can have highly variable to
substantially negative impacts on foraging behavior of this critically resilient saltmarsh
resident. The high variability at moderate oiling level, as opposed to no effect at control
and low levels and negative effect at high level, suggests this concentration represents a
threshold of oil exposure influence on Gulf killifish foraging. High exposure treatment fish
exhibited more selective predation behavior than other exposure treatments by consuming
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a higher proportion of gravid than expected, suggesting sublethal impacts to foraging
abilities. Inefficient predation by killifish has been suggested to directly influence
size-frequency distributions of grass shrimp (Bass et al., 2001), and therefore this
preliminary finding warrants further investigations into the potential selective foraging
behaviors of Gulf killifish exposed to weathered oil and how these behaviors may impact
local population dynamics of both predator and prey species. Although our findings are
limited in scope and based on results of one experimental trial, any discovery of potential
sublethal oil exposure effects on organismal behavior is inherently vital. Based on these
results, we speculate that trophic transfer of energy from the marsh platform to off-marsh
and open water systems may have been impacted by weathered oil, albeit heterogeneously
across saltmarsh habitat and on a highly localized scale. Further experimental studies
examining oil exposure on ecologically valuable species is warranted to better determine
behavioral implications from previous and potential future environmental disasters.

ACKNOWLEDGEMENTS
We thank the staff at Louisiana Universities Marine Consortium for the facilities and
logistical support needed to conduct this project and carry out this experiment, particularly
members of the Roberts lab for their endeavors with the oiled mesocosm initiation and
maintenance (Charles Schutte, Ryann Rossi, Ekaterina Bulygina, Stephanie Plaisance,
Caitlin Bauer) and members of the Education and Outreach team (Murt Conover, Aaron
Bacala, and Tori Lambert) for assistance in killifish collection and holding. We also thank
Placid Refining Company with their contributions to this research by their provision of
Louisiana Sweet Crude for use in mesocosm oiling efforts. We further thank the three
anonymous reviewers that contributed to the success of this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was made possible by a grant from The Gulf of Mexico Research Initiative to
the Coastal Waters Consortium. The funders had no role in the design, execution, or
analyses of this project. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The Gulf of Mexico Research Initiative to the Coastal Waters Consortium.

Competing Interests
Guillaume Rieucau is an Academic Editor for PeerJ.

Author Contributions
� Ashley M. McDonald conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 13/19

http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


� Charles W. Martin conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.

� Guillaume Rieucau conceived and designed the experiments, authored or reviewed
drafts of the paper, and approved the final draft.

� Brian J. Roberts conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The use of vertebrate organisms was conducted with IACUC approval and staff training
from the University of Florida under protocol 201710044.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

All field collections were made under Louisiana Department of Wildlife and Fisheries
Scientific Collecting Permit #SCP 200.

Data Availability
The following information was supplied regarding data availability:

The data are publicly available through the Gulf of Mexico Research Initiative
Information & Data Cooperative (GRIIDC):

Martin, C. W., Roberts, B. J., 2020. Laboratory experiments to determine effects of
previous exposure to oil on Fundulus grandis avoidance behavior. Distributed by: Gulf of
Mexico Research Initiative Information and Data Cooperative (GRIIDC), Harte Research
Institute, Texas A&M University–Corpus Christi. doi 10.7266/n7-3qjh-2f11.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12593#supplemental-information.

REFERENCES
Able KW, López-Duarte PC, Fodrie FJ, Jensen OP, Martin CW, Roberts BJ, Valenti J,

O’Connor K, Halbert SC. 2015. Fish assemblages in Louisiana salt marshes: effects of the
Macondo oil spill. Estuaries and Coasts 38(5):1385–1398 DOI 10.1007/s12237-014-9890-6.

Alon NC, Stancyk NE. 1982. Variation in life-history patterns of the grass shrimp Palaemonetes
pugio in two South Carolina estuarine systems. Marine Biology 68:265–276.

Alt DC. 2019. An airlifted tidal mesocosm for oil degradation studies. D. Phil. Thesis. Louisiana
State University Doctoral Dissertations, 4794.

Atchison GJ, Henry MG, Sandheinrich MB. 1987. Effects of metals on fish behavior: a review.
Environmental Biology of Fishes 18(1):11–25 DOI 10.1007/BF00002324.

Bass CS, Bhan S, Smith GM, Weis JS. 2001. Some factors affecting size distribution and density of
grass shrimp (Palaemonetes pugio) populations in two New Jersey estuaries. Hydrobiologia
450:231–241 DOI 10.1023/A:1017505229481.

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 14/19

https://dx.doi.org/10.7266/n7-3qjh-2f11
http://dx.doi.org/10.7717/peerj.12593#supplemental-information
http://dx.doi.org/10.7717/peerj.12593#supplemental-information
http://dx.doi.org/10.1007/s12237-014-9890-6
http://dx.doi.org/10.1007/BF00002324
http://dx.doi.org/10.1023/A:1017505229481
http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


BP Oil Spill Commission. 2011.Deep water–the gulf oil disaster and the future of offshore drilling.
Report to the President. Washington, D.C.

Cave EJ, Kajiura SM. 2018. Effect of Deepwater Horizon crude oil water accommodated fraction
on olfactory function in the atlantic stingray, Hypanus sabinus. Scientific Reports 8(1):1–8
DOI 10.1038/s41598-018-34140-0.

Chevin LM, Lande R, Mace GM. 2010. Adaptation, plasticity, and extinction in a changing
environment: towards a predictive theory. PLOS Biology 8(4):e1000357
DOI 10.1371/journal.pbio.1000357.

Costanza R, Kemp WM, Boynton WR. 1993. Predictability, scale, and biodiversity in coastal and
estuarine ecosystems: implications for management. Ambio 22:88–96.

Crowe KM, Newton JC, Kaltenboeck B, Johnson C. 2014. Oxidative stress responses of gulf
killifish exposed to hydrocarbons from the Deepwater Horizon oil spill: potential implications
for aquatic food resources. Environmental Toxicology and Chemistry 33(2):370–374
DOI 10.1002/etc.2427.

Day JW, Hall CAS, Kemp WM, Yanez-Arancibia A. 1989. Estuarine ecology. New York: Wiley.

Dubansky B, Rice CD, Barrois LF, Galvez F. 2017. Biomarkers of aryl-hydrocarbon receptor
activity in gulf killifish (Fundulus grandis) from northern Gulf of Mexico marshes following the
Deepwater Horizon oil spill. Archives of Environmental Contamination and Toxicology
73(1):63–75 DOI 10.1007/s00244-017-0417-6.

Dubansky B, Whitehead A, Miller J, Rice CD, Galvez F. 2013. Multi-tissue molecular, genomic,
and developmental effects of the Deepwater Horizon oil spill on resident Gulf killifish (Fundulus
grandis). Environmental Science Technology 47:5074–5082
DOI 10.1021/es400458p.Multi-tissue.

Elliott M, Whitfield AK. 2011. Challenging paradigms in estuarine ecology and management.
Estuarine, Coastal and Shelf Science 94(4):306–314 DOI 10.1016/j.ecss.2011.06.016.

Fleeger JW. 2020. How do indirect effects of contaminants inform ecotoxicology? A review.
Processes 8(12):1–18 DOI 10.3390/pr8121659.

Fodrie FJ, Able KW, Galvez F, Heck KL, Jensen OP, LÓpez-Duarte PC, Martin CW, Turner RE,
Whitehead A. 2014. Integrating organismal and population responses of estuarine fishes in
Macondo spill research. BioScience 64(9):778–788 DOI 10.1093/biosci/biu123.

Garcia TI, Shen Y, Crawford D, Oleksiak MF, Whitehead A, Walter RB. 2012. RNA-seq reveals
complex genetic response to Deepwater Horizon oil release in Fundulus grandis. BMC Genomics
13(1):1–9 DOI 10.1186/1471-2164-13-474.

Gregg JC, Fleeger JW, Carman KR. 1997. Effects of suspended, diesel-contaminated sediment on
feeding rate in the darter goby, Gobionellus boleosoma (Teleostei: Gobiidae). Marine Pollution
Bulletin 34:269–275 DOI 10.1016/S0025-326X(97)00129-X.

Harrington RW, Harrington ES. 1961. Food selection among fishes invading a high subtropical
salt marsh: from onset of flooding through the progress of a mosquito brood. Ecology
42:646–666 DOI 10.2307/1933496.

Heck KL, Thoman TA. 1981. Experiments on predator-prey interactions in vegetated aquatic
habitats. Journal of Experimental Marine Biology and Ecology 53:125–134
DOI 10.1016/0022-0981(81)90014-9.

Heintz RA, Short JW, Rice SD. 1999. Sensitivity of fish embryos to weathered crude oil: part II.
increased mortality of pink salmon (Oncorhynchus gorbuscha) embryos incubating downstream
from weathered Exxon Valdez crude oil. Environmental Toxicology and Chemistry 18:494–503
DOI 10.1897/1551-5028(1999)018<0494:SOFETW>2.3.CO;2.

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 15/19

http://dx.doi.org/10.1038/s41598-018-34140-0
http://dx.doi.org/10.1371/journal.pbio.1000357
http://dx.doi.org/10.1002/etc.2427
http://dx.doi.org/10.1007/s00244-017-0417-6
http://dx.doi.org/10.1021/es400458p.Multi-tissue
http://dx.doi.org/10.1016/j.ecss.2011.06.016
http://dx.doi.org/10.3390/pr8121659
http://dx.doi.org/10.1093/biosci/biu123
http://dx.doi.org/10.1186/1471-2164-13-474
http://dx.doi.org/10.1016/S0025-326X(97)00129-X
http://dx.doi.org/10.2307/1933496
http://dx.doi.org/10.1016/0022-0981(81)90014-9
http://dx.doi.org/10.1897/1551-5028(1999)018%3C0494:SOFETW%3E2.3.CO;2
http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


Holling CS. 1973. Resilience and stability of ecological systems. Annual Review of Ecology and
Systematics 4(1):1–23 DOI 10.1146/annurev.es.04.110173.000245.

Hsieh S-H, Tsai K-P, Chen C-Y. 2006. The combined toxic effects of nonpolar narcotic chemicals
to Pseudokirchneriella subcapitata. Water Research 40(10):1957–1964
DOI 10.1016/j.watres.2006.03.026.

Jensen OP, Martin CW, Oken KL, Fodrie FJ, López-Duarte PC, Able KW, Roberts BJ. 2019.
Simultaneous estimation of dispersal and survival of the gulf killifish Fundulus grandis from a
batch-tagging experiment. Marine Ecology Progress Series 624:183–194
DOI 10.3354/meps13040.

Kneib RT. 1987. Predation risk and use of intertidal habitats by young fishes and shrimp. Ecology
68(2):379–386 DOI 10.2307/1939269.

Kneib RT. 1988. Testing for indirect effects of predation in an intertidal soft-bottom community.
Ecology 69(6):1795–1805 DOI 10.2307/1941158.

Kneib RT. 2000. Salt marsh ecoscapes and production transfers by estuarine nekton in the
southeastern United States. In: Weinstein M, Kreeger D, eds. Concepts and Controversies in
Tidal Marsh Ecology. Dordrecht: Kluwer Academic Publishers, 267–291.

Lin Q, Mendelssohn IA, Graham SA, Hou A, Fleeger JW, Deis DR. 2016. Response of salt
marshes to oiling from the Deepwater Horizon spill: implications for plant growth, soil
surface-erosion, and shoreline stability. Science of the Total Environment 557–558(7):369–377
DOI 10.1016/j.scitotenv.2016.03.049.

Little EE, Archeski RD, Flerov BA, Kozlovskaya VI. 1990. Behavioral indicators of sublethal
toxicity in rainbow trout. Archives of Environmental Contamination and Toxicology
19(3):380–385 DOI 10.1007/BF01054982.

MacArthur R. 1955. Fluctuations of animal populations and a measure of community stability.
Ecology 36(3):533 DOI 10.2307/1929601.

Martin CW. 2017. Avoidance of oil contaminated sediments by estuarine fishes. Marine Ecology
Progress Series 576:125–134 DOI 10.3354/meps12084.

Martin CW, Lewis KA, McDonald AM, Spearman TP, Alford SB, Christian RC, Valentine JF.
2020a. Disturbance-driven changes to northern Gulf of Mexico nekton communities following
the Deepwater Horizon oil spill. Marine Pollution Bulletin 155(5):111098
DOI 10.1016/j.marpolbul.2020.111098.

Martin C, McDonald A, Rieucau G, Roberts B. 2020b. Previous oil exposure alters oil avoidance
behavior in a common marsh fish, the Gulf Killifish Fundulus grandis. PeerJ 8(5):e10587
DOI 10.7717/peerj.10587.

Matich P, Moore KB, Plumlee JD. 2020. Effects of Hurricane Harvey on the trophic status of
juvenile sport fishes (Cynoscion nebulosus, Sciaenops ocellatus) in an estuarine nursery. Estuaries
and Coasts 43(5):997–1012 DOI 10.1007/s12237-020-00723-2.

McCann MJ, Able KW, Christian RR, Fodrie FJ, Jensen OP, Johnson JJ, López-Duarte PC,
Martin CW, Olin JA, Polito MJ, Roberts BJ, Ziegler SL. 2017. Key taxa in food web responses
to stressors: the Deepwater Horizon oil spill. Frontiers in Ecology and the Environment
15(3):142–149 DOI 10.1002/fee.1474.

McNutt MK, Camilli R, Crone TJ, Guthrie GD, Hsieh PA, Ryerson TB, Savas O, Shaffer F.
2012. Review of flow rate estimates of the Deepwater Horizon oil spill. Proceedings of the
National Academy of Sciences of the United States of America 109(50):20260–20267
DOI 10.1073/pnas.1112139108.

Mendelssohn IA, Andersen GL, Baltz DM, Caffey RH, Carman KR, Fleeger JW, Joye SB, Lin Q,
Maltby E, Overton EB, Rozas LP. 2012. Oil impacts on coastal wetlands: implications for the

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 16/19

http://dx.doi.org/10.1146/annurev.es.04.110173.000245
http://dx.doi.org/10.1016/j.watres.2006.03.026
http://dx.doi.org/10.3354/meps13040
http://dx.doi.org/10.2307/1939269
http://dx.doi.org/10.2307/1941158
http://dx.doi.org/10.1016/j.scitotenv.2016.03.049
http://dx.doi.org/10.1007/BF01054982
http://dx.doi.org/10.2307/1929601
http://dx.doi.org/10.3354/meps12084
http://dx.doi.org/10.1016/j.marpolbul.2020.111098
http://dx.doi.org/10.7717/peerj.10587
http://dx.doi.org/10.1007/s12237-020-00723-2
http://dx.doi.org/10.1002/fee.1474
http://dx.doi.org/10.1073/pnas.1112139108
http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


Mississippi River delta ecosystem after the Deepwater Horizon oil spill. BioScience
62(6):562–574 DOI 10.1525/bio.2012.62.6.7.

Michel J, Owens EH, Zengel S, Graham A, Nixon Z, Allard T, Holton W, Reimer PD,
Lamarche A, White M, Rutherford N, Childs C, Mauseth G, Challenger G, Taylor E. 2013.
Extent and degree of shoreline oiling: Deepwater Horizon oil spill, Gulf of Mexico, USA. PLOS
ONE 8(6):1–9 DOI 10.1371/journal.pone.0065087.

Moder K. 2010. Alternatives to F-Test in one way ANOVA in case of heterogeneity of variances (a
simulation study). Psychological Test and Assessment Modeling 52(2):343–353
DOI 10.1353/abr.2017.0007.

Moody RM, Cebrian J, Heck KL. 2013. Interannual recruitment dynamics for resident and
transient marsh species: evidence for a lack of impact by the Macondo oil spill. PLOS ONE
8(3):1–11 DOI 10.1371/journal.pone.0058376.

Nelson TR, Sutton D, DeVries DR. 2014. Summer movements of the Gulf Killifish (Fundulus
grandis) in a northern Gulf of Mexico salt marsh. Estuaries and Coasts 37(5):1295–1300
DOI 10.1007/s12237-013-9762-5.

Nixon SW, Oviatt CA. 1973. Ecology of a New England salt marsh. Ecological Monographs
43(4):463–498 DOI 10.2307/1942303.

Nixon Z, Zengel S, Baker M, Steinhoff M, Fricano G, Rouhani S, Michel J. 2016. Shoreline oiling
from the Deepwater Horizon oil spill. Marine Pollution Bulletin 107(1):170–178
DOI 10.1016/j.marpolbul.2016.04.003.

Passow U, Overton EB. 2021. The complexity of spills: the fate of the Deepwater Horizon oil.
Annual Reviews 13:109–136 DOI 10.1146/annurev-marine-032320-095153.

Peterson GW, Turner RE. 1994. The value of salt marsh edge vs interior as a habitat for fish and
decapod crustaceans in a Louisiana tidal marsh. Estuaries 17(1):235–262 DOI 10.2307/1352573.

Roberts BJ, Rossi R, Schutte CA, Bernhard AE, Giblin AE, Overton EB, Rabalais NN. 2020.
Oiling impacts on salt marsh ecosystem processes: insights from a large-scale marsh mesocosm
experiment. In: Gulf of Mexico Oil Spill and Ecosystem Science (GoMOSES) Conference, Tampa,
FL3–6.

Roberts BJ, Schutte CA, Rossi R, Bernhard AE, Giblin AE. 2019. Oiling impacts on salt marsh
nitrogen cycling rates: insights from a large-scale marsh mesocosm experiment. In: Presented at
American Geophysical Union (AGU) Fall meeting, Abstract 622092. 9–13.

Rozas LP, LaSalle MW. 1990. A comparison of the diets of Gulf killifish, Fundulus grandis (Baird
and Girard), entering and leaving a Mississippi brackish marsh. Estuaries 13(3):332–336
DOI 10.2307/1351924.

Saaristo M, Brodin T, Balshine S, Bertram MG, Brooks BW, Ehlman SM, McCallum ES, Sih A,
Sundin J, Wong BBM, Arnold KE. 2018. Direct and indirect effects of chemical contaminants
on the behaviour, ecology and evolution of wildlife. Proceedings of the Royal Society B: Biological
Sciences 285:20181297 DOI 10.1098/rspb.2018.1297.

Schaefer J, Frazier N, Barr J. 2016. Dynamics of near-coastal fish assemblages following the
Deepwater Horizon oil spill in the northern Gulf of Mexico. Transactions of the American
Fisheries Society 145(1):108–119 DOI 10.1080/00028487.2015.1111253.

Schlenker LS, Welch MJ, Meredith TL, Mager EM, Lari E, Babcock EA, Pyle GG, Munday PL,
Grosell M. 2019. Damsels in distress: oil exposure modifies behavior and olfaction in bicolor
damselfish (Stegastes partitus). Environmental Science and Technology 53(18):10993–11001
DOI 10.1021/acs.est.9b03915.

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 17/19

http://dx.doi.org/10.1525/bio.2012.62.6.7
http://dx.doi.org/10.1371/journal.pone.0065087
http://dx.doi.org/10.1353/abr.2017.0007
http://dx.doi.org/10.1371/journal.pone.0058376
http://dx.doi.org/10.1007/s12237-013-9762-5
http://dx.doi.org/10.2307/1942303
http://dx.doi.org/10.1016/j.marpolbul.2016.04.003
http://dx.doi.org/10.1146/annurev-marine-032320-095153
http://dx.doi.org/10.2307/1352573
http://dx.doi.org/10.2307/1351924
http://dx.doi.org/10.1098/rspb.2018.1297
http://dx.doi.org/10.1080/00028487.2015.1111253
http://dx.doi.org/10.1021/acs.est.9b03915
http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


Smith GM, Khan AT, Weis JS, Weis P. 1995. Behavior and brain chemistry correlates in
mummichogs (Fundulus heteroclitus) from polluted and unpolluted environments. Marine
Environmental Research 39(1–4):329–333 DOI 10.1016/0141-1136(94)00070-6.

Stieglitz JD, Mager EM, Hoenig RH, Benetti DD, Grosell M. 2016. Impacts of Deepwater
Horizon crude oil exposure on adult mahi-mahi (Coryphaena hippurus) swim performance.
Environmental Toxicology and Chemistry 35(10):2613–2622 DOI 10.1002/etc.3436.

Subrahmanyam C, Drake S. 1975. Studies on the animal communities in two North Florida salt
marshes Part I. fish communities. Bulletin of Marine Science 25:445–465.

Tett P, Gowen RJ, Painting SJ, Elliott M, Forster R, Mills DK, Bresnan E, Capuzzo E,
Fernandes TF, Foden J, Geider RJ, Gilpin LC, Huxham M, McQuatters-Gollop AL,
Malcolm SJ, Saux-Picart S, Platt T, Racault MF, Sathyendranath S, Van Der Molen J,
Wilkinson M. 2013. Framework for understanding marine ecosystem health. Marine Ecology
Progress Series 494:1–27 DOI 10.3354/meps10539.

Turner RE, Rabalais NN, Overton EB, Meyer BM, McClenachan G, Swenson EM, Besonen M,
Parsons ML, Zingre J. 2019.Oiling of the continental shelf and coastal marshes over eight years
after the 2010 Deepwater Horizon oil spill. Environmental Pollution 252(4):1367–1376
DOI 10.1016/j.envpol.2019.05.134.

Upton HF. 2011. The Deepwater Horizon oil spill and the Gulf of Mexico fishing industry.
Washington, D.C.: Congressional Research Service.

Vastano AR, Able KW, Jensen OP, López-Duarte PC, Martin CW, Roberts BJ. 2017. Age
validation and seasonal growth patterns of a subtropical marsh fish: the Gulf Killifish, Fundulus
grandis. Environmental Biology of Fishes 100(10):1315–1327 DOI 10.1007/s10641-017-0645-7.

Vernberg FJ. 1993. Salt-marsh processes: a review. Environmental Toxicology and Chemistry
12(12):2167–2195 DOI 10.1002/etc.5620121203.

Vince S, Valiela I, Backus N, Teal JM. 1976. Predation by the salt marsh killifish Fundulus
heteroclitus (L.) in relation to prey size and habitat structure: consequences for prey distribution
and abundance. Journal of Experimental Marine Biology and Ecology 23:255–266
DOI 10.1016/0022-0981(76)90024-1.

Vines C, Robbins T, Griffin FJ, Cherr GN. 2000. The effects of diffusible creosote-derived
compounds on development in Pacific herring (Clupea pallasi). Aquatic Toxicology 51:225–239
DOI 10.1016/S0166-445X(00)00107-7.

Weis JS, Bergey L, Reichmuth J, Candelmo A. 2011. Living in a contaminated estuary: behavioral
changes and ecological consequences for five species. BioScience 61:375–385
DOI 10.1525/bio.2011.61.5.6.

Weis JS, Khan AA. 1991. Notes: reduction in prey capture ability and condition of mummichogs
from a polluted habitat. Transactions of the American Fisheries Society 120:127–129
DOI 10.1577/1548-8659(1991)120<0127:NRIPCA>2.3.CO;2.

Weis JS, Smith G, Zhou T, Santiago-Bass C, Weis P. 2001. Effects of contaminants on behavior:
biochemical mechanisms and ecological consequences. BioScience 51:209–217
DOI 10.1641/0006-3568(2001)051[0209:EOCOBB]2.0.CO;2.

Welsh BL. 1975. The role of grass shrimp, Palaemonetes pugio, in a tidal marsh ecosystem. Ecology
56(3):513–530 DOI 10.2307/1935488.

Whitehead A. 2013. Interactions between oil-spill pollutants and natural stressors can compound
ecotoxicological effects. Integrative and Comparative Biology 53(4):635–647
DOI 10.1093/icb/ict080.

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 18/19

http://dx.doi.org/10.1016/0141-1136(94)00070-6
http://dx.doi.org/10.1002/etc.3436
http://dx.doi.org/10.3354/meps10539
http://dx.doi.org/10.1016/j.envpol.2019.05.134
http://dx.doi.org/10.1007/s10641-017-0645-7
http://dx.doi.org/10.1002/etc.5620121203
http://dx.doi.org/10.1016/0022-0981(76)90024-1
http://dx.doi.org/10.1016/S0166-445X(00)00107-7
http://dx.doi.org/10.1525/bio.2011.61.5.6
http://dx.doi.org/10.1577/1548-8659(1991)120%3C0127:NRIPCA%3E2.3.CO;2
http://dx.doi.org/10.1641/0006-3568(2001)051[0209:EOCOBB]2.0.CO;2
http://dx.doi.org/10.2307/1935488
http://dx.doi.org/10.1093/icb/ict080
http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/


Whitehead A, Dubansky B, Bodinier C, Garcia T, Miles S, Pilley C, Raghunathan V, Roach JL,
Walker N, Walter RB, Rice CD, Galvez F. 2012. Genomic and physiological footprint of the
Deepwater Horizon oil spill on resident marsh fishes. Proceedings of The National Academy of
Sciences 109(50):20298–20302 DOI 10.1073/pnas.1118844109.

Whitfield AK. 1994. Fish species diversity in southern African estuarine systems: an evolutionary
perspective. Environmental Biology of Fishes 40(1):37–48 DOI 10.1007/BF00002181.

McDonald et al. (2022), PeerJ, DOI 10.7717/peerj.12593 19/19

http://dx.doi.org/10.1073/pnas.1118844109
http://dx.doi.org/10.1007/BF00002181
http://dx.doi.org/10.7717/peerj.12593
https://peerj.com/

	Prior exposure to weathered oil influences foraging of an ecologically important saltmarsh resident fish
	Introduction
	Materials and Methods
	Statistical analyses
	Results
	Discussion
	Conclusions
	flink7
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


